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Self-assembled palladium–organic composite
nanofibers and their applications as a recyclable catalyst
Tanmay Bera and Jiyu Fang*
We report the formation of palladium nanoparticle (PdNP)–lithocholic acid (LCA) composite nanofibers by
the self-assembly of Pd2+-coordinated LCA molecules and an ex situ reduction. The ex situ reduction by
sodium borohydride or ascorbic acid produces the composite nanofibers with PdNPs grown on the
surface of LCA nanofibers. The catalytic activity of the PdNP–LCA composite nanofibers in the
decolourization of 4-phenyl azo benzoic acid is investigated. We find that the composite nanofibers can
be recycled without significantly losing their catalytic activities.
1. Introduction
Over the last decades, tremendous progress has been made in
the synthesis of noble metal nanoparticles due to their appli-
cations as efficient nanocatalysts for chemical production,
energy processes, and pollution controls.1–3 It is known that
metal nanoparticles are thermodynamically unstable and tend
to aggregate, which leads to the reduction of their catalytic
activities. To prevent their aggregations, surfactants are oen
used as a stabilizing agent in the synthesis of metal nano-
particles.4–13 However, the recyclability of metal nanoparticles
still remains to be a challenge. To achieve the satisfactory
recyclability, great efforts have been made in synthesizing one-
dimensional (1D) metal nanostructures14–17 or constructing
metal nanoparticles on polymer nanobers.18–21
It has been shown that a variety of amphiphilic molecules
are able to self-assemble into 1D supramolecular
nanostructures with well-dened sizes and morphologies in
solution.22–24 Signicant progress has been made in using these
self-assembled 1D supramolecular nanostructures such as
bers, ribbons and tubes as organized templates for growing
and patterning inorganic nanoparticles.25–33 Recently, the self-
assembly of metal ion-coordinated lipids has been proven to be
a simple method for synthesizing composite nanotubes.34–36 Cu
ion- and Ni ion-coordinated lipid nanotubes have been proven
to effective 1D catalysts for the oxidation of organic
compounds.35,36 Due to the high aspect ratio of these Cu and Ni
ion-coordinated lipid nanotubes, they can be easily separated
from reaction solutions and show good recyclability.
Bile acids are important biological surfactants which are
synthesized by the liver from the enzymatic catabolism of
cholesterol. Unlike more traditionally amphiphilic surfactants
with a hydrophilic head group bonded to a linear, exible,
hydrocarbon tail, bile acids have a large, rigid, quasi-planar
steroid ring system with a hydrophilic a face and a hydrophobic
b face. It has been shown that amphipathic bile acids can self-
assemble in aqueous solution into bers,37 helical ribbons,38–40
and tubes,41–49 depending on the experimental conditions under
which self-assembly occurs. In a previous publication,47 we
reported the formation of composite nanotubes by the self-
assembly of Cd2+-coordinated lithocholic acid (LCA) in the
presence of thioacetamide as a reducing agent. The formation
of CdS nanoparticles in the tube walls makes the LCA nano-
tubes highly uorescent. In this paper, we report the synthesis
of PdNP–LCA composite nanobers by the self-assembly of
Pd2+-coordinated LCA molecules and an ex situ reduction
approach. The ex situ reduction by sodium borohydride or
ascorbic acid produces the composite nanobers with the
PdNPs grown on the surface of the LCA nanobers. We show
that the PdNP–LCA composite nanobers can be used as a
recyclable nanocatalyst for the effective decolourization of
4-phenyl azo benzoic acid in aqueous solution.
2. Experimental section
Lithocholic acid (LCA), 4-phenyl azo benzoic acid, ammonium
hydroxide (NH4OH), palladium chloride (PdCl2), ascorbic acid
(AA), and sodium borohydride (NaBH4) were purchased from
Sigma-Aldrich. Pd2+(NH4OH)6Cl2 used as a precursor for the
synthesis of PdNPs was prepared by dissolving PdCl2 in NH4OH
aqueous solution. NaBH4 and AA were used as reducing agents.
Water used in our experiments was puried with Easypure II
system (18 MU cm, pH 5.7). Carbon-coated copper grids were
purchased from Electron Microscopy Science.
Transmission electron microscopy (TEM) was performed
with a JEOL1011-EM microscope operating at an acceleration
voltage of 100 kV. Ultraviolet-visible (UV-vis) spectra were
recorded using a Cary 300 spectrophotometer. X-ray diffraction
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(XRD) measurements were carried out with a Rigaku D/max
diffractometer with CuKa radiation (l ¼ 1.542 A˚) operated at
40 kV and 30 mA. Fourier transform infrared (FT-IR) spectra
were recorded with a PerkinElmer 100 spectrometer equipped
with a DTGS KBr detector.
3. Results and discussion
Fig. 1 shows the chemical structures of LCA and 4-phenyl azo
benzoic acid. LCA is a secondary bile acid having a nearly planar
hydrophobic steroid nucleus. The COOH group is linked to the
steroid nucleus through a short alkyl chain. The deprotonated
LCA molecules provides negatively charged COO groups to
coordinate with positively charged Pd2+ ions. In our experi-
ments, 30 mg of LCA was dissolved in 4 mL of 0.01 M
NH4OH aqueous solution at pH 11.0. The pre-prepared
Pd2+(NH4OH)6Cl2 solution was added into 20 mM LCA solution,
in which the concentration of Pd2+ ions was varied from 0.1 mM
to 1 mM. The mixed solution was stirred for 60 min and then
sealed in a glass vial at room temperature. Aer being aged for a
week, the solution turns into milky color, suggesting that the
self-assembly of Pd2+-coordinated LCA molecules takes place.
Fig. 2a shows a typical TEM image of self-assembled nanobers
of Pd2+-coordinated LCA molecules, in which the self-assem-
bled nanobers was dried on a carbon-coated copper TEM grid.
As can be seen in Fig. 2a, the Pd2+-coordinated LCA nanobers
are over 100 mm long. Although the diameter of the nanobers
varies from one to another in the range from 70 nm to 180 nm,
individual nanobers have a uniform diameter with a smooth
surface. Fig. 2b shows the FT-IR spectra of the Pd2+-coordinated
LCA nanobers. The stretching of both the COO group and the
COOH group is observed. The absorption peak at 1748 cm1
associates with the non-associated COOH groups.50 The
absorption peaks at 1566 cm1 and 1379 cm1 represent the
asymmetric and symmetric stretching of the COO groups,
respectively. The large separation between the asymmetric and
symmetric stretching frequencies of the COO groups suggests
the coordination of Pd2+ ions to the COO groups.51,52
Aer addition of 400 mL of 10 mM NaBH4 aqueous solution,
the milky-like nanober solution quickly turns into grayish
color, suggesting the formation of PdNPs. Fig. 3a shows a
typical TEM image of self-assembled PdNP–LCA composite
nanobers formed at the Pd2+ concentration of 0.2 mM. The
formation of PdNPs with diameters of 25–30 nm on the LCA
nanobers is clearly visible in the TEM image. It is likely that
the coordinated Pd2+ ions exposed at the surface of the nano-
bers are reduced by NaBH4 to form Pd nuclei and then grow
into PdNPs. As the increase of Pd2+ concentrations, the number
of the PdNPs grown on the surface of the nanobers increases.
The formation of clustered PdNPs on the surface of the nano-
bers is observed when the Pd2+ concentration increases to
1 mM (Fig. 3b). The size of the clustered PdNPs is in the range
from 80 nm to 120 nm. The X-ray diffraction pattern of the
PdNP–LCA composite nanobers show ve characteristic peaks
(Fig. 4), corresponding to the scattering from the (111), (200),
(220), (311), and (222) planes of a face centered cubic Pd crystal
structure.
The catalytic activity of PdNP–LCA composite nanobers was
evaluated in the decolourization of 4-phenyl azo benzoic acid.
In our experiments, all the PdNP–LCA composite nanobers
were formed at the same LCA concentration (20 mM) and then
puried by centrifugation to remove excess LCA and free PdNPs.
For the catalytic experiments discussed below, 25 mL PdNP–LCA
nanober solution was used. Since the concentration of LCA
used for the self-assembly of composite nanotubes was kept to
be constant, the amount of the composite nanobers used for
each case is roughly the same. When 25 mL of 10 mM NaBH4
solution was added into 1 mL of 1 mM 4-phenyl azo benzoic
acid solution, there was no color change observed, suggesting
that the decolourization proceeded at a very slow rate without
catalysts. However, the addition of 25 mL PdNP–LCA nanober
solution could cause the ultimate fading of the orange color of
Fig. 1 Chemical structures of lithocholic acid (a) and 4-phenyl azo benzoic acid (b).
Fig. 2 (a) TEM image and (b) FT-IR spectrum of self-assembled Pd2+-coordinated
LCA nanofibers formed at the Pd2+ ion concentration of 0.2 mM before the
reduction.
Fig. 3 TEM images of self-assembled Pd2+-coordinated LCA nanofibers formed
at the Pd2+ ion concentration of 0.2 mM (a) and 1 mM (b) after the reduction by
NaBH4.
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4-phenyl azo benzoic acid solution, suggesting that the PdNP–
LCA composite nanobers were able to effectively catalyze the
reduction of the –N]N– bond of the azo benzoic acid in the
presence of NaBH4.
To quantitatively evaluate the catalytic activity of PdNP–LCA
composite nanobers formed at different conditions, we study
the kinetics of the decolourization reaction by monitoring the
reaction solution with UV-vis absorption spectroscopy as a
function of time at room temperature. Fig. 5a shows the time-
resolve UV-vis absorption spectra of the decolourization of
4-phenyl azo benzoic acid by the PdNP–LCA composite nano-
bers synthesized in the Pd2+ concentration of 1 mM, where
NaBH4 was used as a reducing agent. The UV-vis absorption
spectra were recorded in every 1 min. In the absence of the
PdNP–LCA nanobers, 4-phenyl azo benzoic acid solution
shows a characteristic absorption peak at 430 nm arising from
the –N]N– bond of the azo benzoic acid. As can be seen in
Fig. 5a, the adsorption peak quickly drops over time aer the
addition of 25 mL PdNP–LCA nanober solution into 1 mL of
1 mM 4-phenyl azo benzoic acid solution, suggesting that the
nanobers are capable of catalyzing the reduction of the –N]
N– bond. Aer 10 min, the absorption peak at 430 nm disap-
pears. Thus, the intensity of the absorption peak was used to
quantitatively evaluate the catalytic performance of the PdNP–
LCA composite nanobers. Fig. 5b shows the plots of ln(At/A0)
versus reaction time t for the decolourization of 4-phenyl azo
benzoic acid by the PdNP–LCA composite nanobers, where At
and A0 is the intensity of absorption peaks at time t and 0,
respectively. The linear relationship shown in Fig. 5b suggests
that the decolourization process by the PdNP–LCA composite
nanobers follows pseudo-rst-order kinetics. Since the
concentration of NaBH4 is high, we expect that it remains
essentially constant during the reaction. Thus, the pseudo-rst-
order kinetics could be used to evaluate the catalytic rate of the
PdNP–LCA composite nanobers in the decolourization of
4-phenyl azo benzoic acid. The rate constant calculated from
the slope of the plots shown in Fig. 5b is 9.24  104 s1. We
also carried out the catalytic experiment by using AA as a
reducing agent. Where 25 mL of 10 mM AA solution was added
into 1 mL of 1 mM 4-phenyl azo benzoic acid solution, followed
by the addition of 25 mL PdNP–LCA nanober solution. The
pseudo-rst-order kinetics is also observed (Fig. 5c). In this
case, the calculated rate constant is 3.91  104 s1. The
reduced rate constant is due to the fact that AA is a weaker
reducing agent, compared to NaBH4.
Furthermore, we study the catalytic performance of the
PdNP–LCA nanobers synthesized at different Pd2+ concentra-
tions. 25 mL of the PdNP–LCA nanober solutions was added to
1 mL of 1 mM 4-phenyl azo benzoic acid solution in the pres-
ence of NaBH4 as a reducing agent. Fig. 6a shows the plots of
ln(At/A0) versus reaction time t for the decolourization of
4-phenyl azo benzoic acid by the PdNP–LCA composite nano-
bers formed at different Pd2+ concentrations. As can be seen,
all the decolourization processes show pseudo-rst-order
kinetics. But, the rate constant decreases from 9.24  104 s1
to 0.6  104 s1 when the Pd2+ concentration used for forming
the PdNP–LCA composite nanobers decreases from 1 mM to
0.1 mM (Fig. 6b). Since the amount of the composite nanobers
is roughly the same, the decrease in the rate constant is a result
of the decrease of the number of PdNPs on the surface of the
nanobers (see Fig. 3).
The recycling ability is an important property to estimate the
catalytic performance of a catalyst. In our experiments, PdNP–
LCA composite nanobers were separated from the reaction
solution by simple centrifugation aer each reaction cycle.
Fig. 7a shows a typical TEM image of the PdNP–LCA nanobers
Fig. 4 X-ray diffraction pattern of self-assembled PdNP–LCA composite nano-
fibers formed at the Pd2+ ion concentration of 1 mM.
Fig. 5 (a) Time-resolved UV-vis absorption spectra for the decolourization of 4-phenyl azo benzoic acid by the self-assembled PdNP–LCA composite nanofibers in the
presence of NaBH4. The spectra were recorded every 1 min. Plots of ln(A/A0) versus time for the decolourization of 4-phenyl azo benzoic acid by the PdNP–LCA
composite nanofibers in the presence of NaBH4 (b) and AA (c).
21578 | RSC Adv., 2013, 3, 21576–21581 This journal is ª The Royal Society of Chemistry 2013
RSC Advances Paper
Pu
bl
ish
ed
 o
n 
09
 S
ep
te
m
be
r 2
01
3.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f C
en
tra
l F
lo
rid
a o
n 
12
/6
/2
01
8 
7:
33
:4
8 
PM
. 
View Article Online
synthesized at the Pd2+ concentration of 1 mM aer the rst
reaction cycle. There is no apparently structural change in the
size of clustered PdNPs and LCA nanobers observed. Fig. 7b
shows the plots of ln(At/A0) versus reaction time t for the
decolourization of 4-phenyl azo benzoic acid by the PdNP–LCA
composite nanobers for four recycling tests, where NaBH4 is
used as a reducing agent. As can be seen in Fig. 7b, the decol-
ourization process of each recycles shows pseudo-rst-order
kinetics. There is a relatively large decrease in the rate constant
from 9.24  104 s1 to 6.02  104 s1 from the rst recycling
to the second recycling (Fig. 7c). This might be a result of losing
some short composite nanobers and/or clustered PdNPs
during the separation process. However, aer the rst recycling
the rate constant of the decolourization of 4-phenyl azo benzoic
acid by the PdNP–LCA composite nanobers is found to be near
the same (Fig. 7c), suggesting that the PdNP–LCA composite
nanobers can be used as a recyclable nanocatalyst for the
effective decolourization of 4-phenyl azo benzoic acid in
aqueous solution.
If the concentration of LCA is reduced to from 20 mM to
0.3 mM, there is no PdNP–LCA composite nanober observed.
Instead, we observe the formation of PdNP–LCA nanoparticles
with a diameter of 20–30 nm (Fig. 8a). Again, X-ray diffraction of
PdNP–LCA composite nanoparticles shows ve characteristic
peaks from the scattering of the (111), (200), (220), (311), and
(222) planes of a face centered cubic Pd crystal structure. For
studying the catalytic performance of PdNP–LCA nanoparticles,
we added 25 mL of PdNP–LCA nanoparticle solution into 1mL of
1 mM 4-phenyl azo benzoic acid solution in the presence of
NaBH4. Aer each reaction cycle, the PdNP–LCA composite
nanoparticles were separated from the reaction solution by
centrifugation under the same condition used for the separa-
tion of PdNP–LCA composite nanobers. Fig. 8b shows the plots
of ln(At/A0) versus reaction time t for the decolourization of
4-phenyl azo benzoic acid by the PdNP–LCA composite nano-
particles for four recyclings. The rate constant drops signi-
cantly from 27.6  104 s1 to 0.87  104 s1. At the same
time, we note that the PdNP–LCA composite nanoparticles are
more difficult to be separated from the solution than the PdNP–
LCA composite nanobers by sedimentation under the same
centrifugation condition. Thus, the signicant decrease of the
rate constant is likely a result of the decrease of the number of
the PdNP–LCA composite nanoparticles used for the recycling.
In addition, we can not completely rule out the possibility of
leaching some ions from the PdNP–LCA composite nano-
particles during the reaction, which has been reported in
Fig. 6 (a) Plots of ln(A/A0) versus time for the decolourization of 4-phenyl azo
benzoic acid by the self-assembled PdNP–LCA composite nanofibers synthesized
in different Pd2+ concentrations, in which NaBH4 was used as a reducing agent. (b)
Rate constants versus Pd2+ concentrations.
Fig. 7 (a) TEM image of PdNP–LCA composite nanofibers formed at the Pd2+ ion concentration of 1 mM after the first reaction cycle. (b) Plots of ln(A/A0) versus time
for the decolourization of 4-phenyl azo benzoic acid by PdNP–LCA composite nanofibers for four recycles, in which NaBH4 was used as a reducing agent. (c) Rate
constants versus recycles.
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PdNP-catalyzed Heck and Suzuki reactions.53,54 It has been
shown that the leaching of ions from PdNPs can lead to the
change of their sizes and shapes.54 However, due to the size
variations of the initially formed PdNP–LCA composite nano-
particles, it is difficult to verify their small size changes aer the
reaction.
In summary, we report the formation of PdNP–LCA
composite nanobers by the self-assembly of Pd2+-coordinated
LCA molecules and an ex situ reduction approach. The PdNP–
LCA composite nanobers show good catalytic activity in the
decolourization of 4-phenyl azo benzoic acid. Due to the high
aspect ratio, the PdNP–LCA composite nanober catalysts can
be easily separated from reaction solution by centrifugation. We
demonstrate that the PdNP–LCA composite nanober catalysts
can be reused without signicantly losing their catalytic
activities.
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